Introduction {#Sec1}
============

The second law of thermodynamics states that within a closed thermodynamic system the entropy will increase over time until it reaches thermodynamic equilibrium. This increase in molecular entropy over time within living organisms has been proposed, under the assumption that the second law of thermodynamics applies to open systems, to increase susceptibility to age-related disorders and thus essentially equate, at a high level of abstraction, to the ageing process (Hayflick [@CR41]). Other authors have argued that ageing is due to an increase in molecular disorder due to an increase in thermodynamic entropy (Demetrius [@CR23]). One of the factors known to affect thermodynamics is temperature, and therefore it has been long speculated that it may influence the ageing process with organisms ageing faster at higher temperatures due to more molecular damage being generated (Conti [@CR16]; Liu and Walford [@CR64]; Rikke and Johnson [@CR86]).

Temperature is an essential property of biological systems and various studies in many species have associated temperature with ageing and longevity. Early studies focused on animals that rely on external sources of heat (ectotherms) and whose internal temperature, because it depends on environmental conditions, can vary considerably (poikilothermy). A century ago, Loeb and Northrop showed that lifespan correlates negatively with temperature in fruit flies *Drosophila melanogaster* (Loeb and Northrop [@CR66]). Another early study to observe the effects of temperature on longevity was in the cladoceran crustacean *Daphnia magna* (MacArthur and Baillie [@CR67]). Later studies in other poikilotherms (in particular fishes), demonstrated that even mild changes in temperature over long periods of time can influence lifespan (Walford and Liu [@CR103]). Important contributions to this field were made by Walford and Liu who pioneered the use of the South American fish *Cynolebias* as a model organism in laboratory temperature and longevity studies (reviewed in Rikke and Johnson [@CR86]). This was then further explored in species that can generate their own body heat (endotherms) and usually maintain a relatively constant body temperature (*T*~*b*~), also known as homeotherms, like mice whereby marijuana derivatives were used to induce hypothermia. However, this approach was unable to reduce *T*~*b*~ long-term and thus was unable to properly establish the effect of temperature on mouse longevity (Rikke and Johnson [@CR86]). Walford instead turned his attention to the body temperatures of great yoga masters in India which, despite the low sample size, showed that a low calorie intake could reduce *T*~*b*~ by 1--2 °C (Walford [@CR102]). This low calorie intake was then principally used by him to induce low *T*~*b*~ in homeotherms to investigate the effects of core *T*~*b*~ on longevity (reviewed in Rikke and Johnson [@CR86]).

Since these early pioneering studies into temperature and longevity, more recent studies have continued to expand these ideas by using various other species as models, with further consideration of the relationship between life-extending interventions such as caloric restriction (CR) and *T*~*b*~. Here, we review the literature on how temperature affects ageing and longevity from poikilotherms to homeotherms, including rodent models of life-extension. Possible mechanisms are discussed as well as the potential role of a low body temperature on the exceptional longevity of the naked mole-rat.

Life-extension and temperature {#Sec2}
------------------------------

Before exploring thermal effects on ageing and longevity, a distinction needs to be made between the different impacts at thermal extremes compared with *T*~*b*~ within the normal range (Fig. [1](#Fig1){ref-type="fig"}). In poikilotherms, very low body temperatures are associated with severe enzyme inhibition (Hochachka and Somero [@CR43]; Portner [@CR84]), leading to a sharp decline in biological function, preventing organismal development. At extreme high temperatures, biological performance also falls off rapidly: problems include insufficient capability of respiratory and circulatory systems to meet increased demand for oxygen (Portner [@CR84]), protein denaturation, and membrane dysfunction due to increased fluidity (Hochachka and Somero [@CR43]). Homeotherms suffer hypo- and hyperthermia when *T*~*b*~ deviates too far below and above the relatively narrow limits of regulated *T*~*b*~. In both poikilotherms and homeotherms, it is the effects of temperature on ageing and longevity across the range of normal *T*~*b*~, rather than under extreme thermal stress, that is the focus of this review. Fig. 1A schematic diagram of predicted body temperature influences on longevity in poikilotherms (*top panel*) and homeotherms (*bottom panel*). Only qualitative differences between poikilotherms and homeotherms are shown, as axes are not quantitative. Away from thermal extremes, longevity predicted by metabolic rate (Gillooly et al. [@CR34]) declines exponentially with increased body temperature

### Invertebrates {#Sec3}

Early studies focused on the effects of temperature on longevity within invertebrates due to their *T*~*b*~ being determined by their surroundings and thus far easier to manipulate under laboratory conditions than that of homeotherms (Table [1](#Tab1){ref-type="table"}). One of these earlier studies using *Drosophilamelanogaster* showed that they live about twice as long at 21 °C than at 27 °C (Miquel et al. [@CR76]). Another invertebrate benchmark study by Van Voorhies et al. reported a 75 % increase in lifespan of *C. elegan*s from a 5 °C drop in temperature, consistent between 15--20 and 20--25 °C (Van Voorhies and Ward [@CR100]). Studies by other labs have confirmed these results and it is well-established that temperature has significant effects on the longevity and ageing rate of *Drosophila* and *C. elegan*s (Leiser et al. [@CR58]).Table 1Longevity effects of temperature manipulation on various animal speciesOrganismTemperatures studied (in °C)% increase in *t* ~*0.5*~ (from 5 °C drop unless otherwise specified)ReferenceInvertebrates (model organisms only) *D. melanogaster*18--2786(Miquel et al. [@CR76]) *C. elegans*15--2575(Van Voorhies and Ward [@CR100])Poikilothermic vertebrates *Cynolebias adloffi*16 and 2275  (*t* ~*0.45*~; for 6 °C drop)(Liu and Walford [@CR63]) *Cynolebias bellottii*15 and 2043(Liu and Walford [@CR65]) *Nothobranchius furzeri*22 and 2514 (for 3 °C drop)(Valenzano et al. [@CR99]) *Nothobranchius rachovii*20--3057(Hsu and Chiu [@CR45])StrainTemperature decrease (in  °C)% increase in *t* ~*0.5*~ReferenceMammals (mice) Hcrt-UCP2 (females)0.3420(Conti et al. [@CR17]) Hcrt-UCP2 (males)0.312Only laboratory studies specifically manipulating temperature are included. When more than two temperatures were studied, values were averaged. Extreme temperatures in which pathological effects may play a role (McDougall and Mills [@CR73]; Miquel et al. [@CR76]; Van Voorhies and Ward [@CR100]) were excluded from the results*t* ~*0.5*~ is the median lifespan; *t* ~*0.45*~ is the age when 45 % of animals have died. See text for details

Many other laboratory studies in insects have reported a negative correlation between temperature and longevity (Gao et al. [@CR31]; Gunay et al. [@CR39]; Kelly et al. [@CR50]; Liu and Tsai [@CR62]; Matadha et al. [@CR70]; Pakyari et al. [@CR79]; Pandey and Tripathi [@CR80]; Wang and Tsai [@CR105]; Zhou et al. [@CR112]). For example, in wasps *Trichogramma platneri* a 5 °C drop in temperature increased median lifespan by 72 % (McDougall and Mills [@CR73]). A large variation of effects of temperature on longevity has been observed in these many studies, though because these species are poorly studied when compared to traditional model organisms husbandry conditions may not always be optimal. Nonetheless, to our knowledge, there is no invertebrate species in which longevity has been shown to increase with temperature, with the exception of pathological effects at very low temperatures. The thermal sensitivities of survival in laboratory studies are supported by studies in the wild, even though these are subject to potentially confounding factors such as the effects of natural enemies on survival (Angilletta et al. [@CR2]).

Low temperature in invertebrates, and ectotherms/poikilotherms in general, is associated with an overall slower life history, including a slower pace of development (Gillooly et al. [@CR35]; Trudgill et al. [@CR97]). Antarctic sponges such as *Cinachyra antarctica* (Epibenthic sponge) and *Scolymastra joubini* (Hexactinellid sponge) are known to have slower growth rates at lower temperatures which may contribute to their exceptional longevity; these are possibly the longest-lived animals on earth, estimated to live up to 1550 and 15,000 years old, respectively (Gatti [@CR32]). This link between temperature and the slowing down of development of ectotherms could possibly support the 'rate of living hypothesis' whereby lower temperature promotes longevity by slowing down the rate of reaction of various metabolic processes which affect development and life history. A lower temperature may also reduce damage that is the result of by-products of metabolism such as reactive oxygen species (ROS).

### Vertebrates (ectotherms) {#Sec4}

There have been few controlled studies of the effects of temperature on the longevity of vertebrates. Studies conducted in wild vertebrate populations have found evidence that ectotherms tend to live longer at lower temperatures (Finch [@CR28]; Gosden [@CR37]; Munch and Salinas [@CR78]). This is noticeable in many species of fish (Beverton [@CR6]; Pauly [@CR82]), and for example in the *Sander vitreus* (walleye) and *Cottus bairdii* (mottled sculpin) longevity is dependent on temperature; walleye at lower temperatures in the North USA take longer to grow and reach maturity and live longer than walleye fish in the South (Etnier and Starnes [@CR26]; Finch [@CR28]; Gosden [@CR37]). Overall, although it could be related to extrinsic factors like predation, parasites or infectious diseases unrelated to ageing, there is a clear trend for longer lifespans at lower ambient temperatures in wild species of ectotherms (Munch and Salinas [@CR78]).

In the lab, two classic studies by Walford and colleagues on the effect of temperature on the longevity of the short-lived fish *Cynolebias* showed that a 5 and 6 °C drop in temperature increased lifespan by 43 and 75 %, respectively (Liu and Walford [@CR63], [@CR65]). Studies on other fishes that gradually senesce, such as *Austrolebias adloffi*, have shown life-extending effects when animals are exposed to lower temperatures (Patnaik et al. [@CR81]). More recent studies in *Nothobranchius furzeri* (Valenzano et al. [@CR99]) showed that a drop from 25 to 22 °C resulted in an increase in lifespan of 14 % (Table [1](#Tab1){ref-type="table"}). In *Nothobranchius rachovii*, the lifespan effects of changes in ambient temperature are reportedly greater with a 50 % increase in lifespan between 30 and 25 °C and a 64 % lifespan increase between 25 and 20 °C (Hsu and Chiu [@CR45]). It should be noted, however, that the survivorship curves in these studies in fish are far from rectangular (and in particular *Nothobranchiusfurzeri* at 22 °C), which is often an indication that other pathological processes apart from ageing are contributing to mortality, perhaps because husbandry conditions are not as optimized in these animals as in more widely used biomedical models, and may be a source of noise. Lastly, late-onset temperature reduction has also been shown to extend lifespan in *Nothobranchius guentheri* (Wang et al. [@CR106]).

Similar results have been observed in amphibians, although from field (rather than laboratory) studies. An intra-species comparison examined the skeletochronology from two datasets: one using two populations (ten urodele and 12 anuran species) and the other dataset using multiple populations (two urodele and nine anuran species), all of which were from separate geographical locations. The study concluded that only the altitude and not latitude gradient correlated with longevity and life history timing (maturation, mean and maximum age) (Zhang and Lu [@CR111]). A possible explanation why the latitude did not correlate with longevity is that there was less variation in temperature along the latitude gradient during the summer (active season for amphibians) in comparison to the altitude gradient (Zhang and Lu [@CR111]). Hypoxia is also thought to reduce the metabolic rate which could be another reason for animals living in oxygen poor regions, i.e. higher altitude regions, living longer (Zhang and Lu [@CR111]).

In *Ambystoma macrodactylum* (Eastern long toed salamander), longevity has been shown to be dependent on temperature with the life history of animals being considerably longer at lower temperatures (Howard [@CR47]). A similar effect has also been observed in the northern species of *Rana aurora* (Californian red-legged frog) in which development appears to be slower and animals probably live longer and lay fewer eggs than its warmer climate counterparts (Davidson [@CR18]). Likewise, in the long-lived olm (*Proteus anguinus*), development is highly temperature-dependent (Bulog and van der Meijden [@CR13]). The current data suggests that, like other poikilotherms, at lower ambient temperatures amphibians have greater longevity, although, because these studies were conducted in the wild, whether this is due to the actual ambient temperature and not to other factors in the field, e.g. less predation, is still open to debate. Nonetheless, these observations support the 'rate of living hypothesis' for temperature effects on longevity.

### Homeotherms {#Sec5}

In homeotherms most studies have been conducted in mice. Of note, the Ames dwarf mouse is known to live around 1 year longer than wild-type (Brown-Borg et al. [@CR9]), and it has been speculated that a lower *T*~*b*~ could play a role. In one experiment, six female dwarf mice and six control mice had their *T*~*b*~ measured over 24 h across three separate conditions; ad libitum feeding, food deprivation and cage switching (which caused stress). The results showed that the dwarf mice had a *T*~*b*~ lower than their normal counterparts under all three conditions. For ad libitum feeding the difference was 1.6 °C, with the same difference being maintained during food deprivation which reduced the *T*~*b*~ in both mice. The cage switching caused a rise in *T*~*b*~ for both mice, though dwarf mice still maintained a lower *T*~*b*~ (Hunter et al. [@CR46]).

It has been speculated that the lower *T*~*b*~ of Ames dwarf mice is due to their deficiency in thyroid stimulating hormone (TSH) and growth hormone (GH) with supporting evidence from the Snell dwarf mouse which also has a deficiency in TSH and GH and reduced *T*~*b*~ (Hunter et al. [@CR46]). Ames and Snell mice have mutations in the, respectively, *Prop*-*1* and *Pit*-*1* loci, which lead to a deficiency in TSH, prolactin and GH and lower levels of insulin (Conti [@CR16]). GH receptor (*GHR*) knockout mice and dwarf mice also have lower levels of insulin and circulating insulin-like growth factor 1 (IGF1) (Bartke et al. [@CR5]), similar to CR rodents; as detailed below, CR also lowers *T*~*b*~. Therefore, the insulin pathway alongside GH and TSH is a potential mechanism for body temperature regulation in rodents.

There are many different mutant long-lived mice (Tacutu et al. [@CR96]). Although *T*~*b*~ has only been carefully studied in a small fraction of these, metabolic adjustments and a lower *T*~*b*~ have been observed in some models (Bartke [@CR3]), including the aforementioned Ames and Snell dwarf mice and in *GHR* knockout mice (Hauck et al. [@CR40]). Interestingly, Ames dwarf and *GHR* knockout mice exhibit increased food intake and oxygen consumption per gram of body weight, although it is unknown whether these differences may be due to differences in body weight to surface ratios and/or in body composition (Bartke [@CR3]); that is, increased oxygen consumption could be a compensatory effect to increased heat loss due to increased body surface:mass ratio in these small animals (Bartke and Westbrook [@CR4]). Some mutant long-lived mice also have a normal *T*~*b*~, such as IGF1 receptor heterozygous animals (Holzenberger et al. [@CR44]). Clearly multiple mechanisms are involved in extended longevity, and a lower *T*~*b*~ and alterations in energy metabolism may be included (Bartke and Westbrook [@CR4]), but a lower *T*~*b*~ is not a prerequisite for life-extension.

One landmark study used transgenic mice (Hcrt-UCP2: over-expressed uncoupling protein 2 in hypocretin neurons) to lower the core *T*~*b*~ by 0.3 °C (males) and 0.34 °C (females), resulting in an increase in median lifespan of, respectively, 12 and 20 % (Table [1](#Tab1){ref-type="table"}) (Conti et al. [@CR17]). It should be noted, however, that the mortality curve of control females in Conti et al. ([@CR17]) was far from rectangular and they are considerably shorter-lived than males, suggesting potential problems in the experimental conditions. Nonetheless, this study provided causal evidence that a lower *T*~*b*~ increases longevity in mammals. By contrast, one study did not find a correlation between *T*~*b*~ and longevity in individual mice by measuring *T*~*b*~ in female MF1 outbred mice between the ages of 6 and 13 months. Instead, the results suggested that metabolic intensity positively correlated with longevity (Speakman et al. [@CR93]). However, the variance in temperature in this study was not reported and might not have been sufficient for an effect on lifespan to be observed. Although not a model of life-extension, it is also interesting to note that in rats a two-fold and 40 % increase of thyroxin and blood serum triiodothyronine levels, respectively, resulted in a 2 °C increase in *T*~*b*~ as well as a shortening of their lifespan (Bozhkov and Nikitchenko [@CR7]).

In C57B1/6 mice, arguably the most commonly used strain in biogerontology, males tend to live longer than females and several hypotheses have been proposed for this gender longevity difference, such as the unequal inheritance of sex chromosomes, environmental factors and physiology (Sanchez-Alavez et al. [@CR89]). It has also been speculated that *T*~*b*~ could play a role in this gender difference. In C57B1/6 mice, it was shown that young (6 months old) females have a *T*~*b*~ 0.2--0.5 °C higher than their male counterparts. For older (24 months old) mice both genders maintained a similar circadian profile, however at rest the females had a *T*~*b*~ 0.6 °C higher than males. The results also show evidence that the decline of *T*~*b*~ with age may be mediated via reduced locomotor activity. Furthermore, it has been hypothesized that the sex hormones act preferentially on the preoptic area of the hypothalamus which may influence *T*~*b*~ (Sanchez-Alavez et al. [@CR89]). Therefore, gender differences in *T*~*b*~ are influenced by the gonads and are thus perhaps responsible for the differing lifespan between the sexes in C57B1/6 mice (Sanchez-Alavez et al. [@CR89]).

In humans, women appear to have a slightly higher body temperature than men (36.4 ± 0.67 °C (standard error) vs. 36.2 ± 0.61 °C) and mean temperature decreases 0.17 °C between ages 20--30 and ages 70--80 (Waalen and Buxbaum [@CR101]). Another human ageing study, the Baltimore Longitudinal Study of Aging, compared the survival between healthy males in ages ranging from 16 to 95. After age correction, results showed three biomarkers for ageing: temperature, insulin and dehydroepiandrosterone sulphate (DHEAS); lower temperature, insulin and higher DHEAS levels correlated with higher survival rates with no evidence suggesting that any of the individuals underwent CR (Roth et al. [@CR88]). Since *T*~*b*~ declines with age in rodents and in humans, it is also tempting to speculate that this could have, at least indirectly, anti-ageing effects.

Caloric restriction and temperature {#Sec6}
-----------------------------------

Caloric restriction, limiting calorie intake without causing malnutrition, has been shown to extend lifespan in multiple model systems (de Magalhaes et al. [@CR22]; Masoro [@CR69]; Spindler [@CR94]). When comparing mortality curve trajectories under CR or reduced *T*~*b*~, however, some studies have observed a difference between the two. Evidence of this comes from *Drosophila* whereby CR initially delays age-related mortality in the short-term, which results in an increase in the overall lifespan, although in the long-term the rate of the mortality trajectory is the same as that of non-CR flies (Fig. [2](#Fig2){ref-type="fig"}) (Mair et al. [@CR68]). However, a lowered *T*~*b*~ has a different effect whereby it extends lifespan as well as reducing the slope of the mortality trajectory (Fig. [2](#Fig2){ref-type="fig"}) (Miquel et al. [@CR76]), suggesting that in *Drosophila* lowered *T*~*b*~ and CR utilize alternative pathways to reduce mortality. Whether this is the case in homeotherms is unknown.Fig. 2A schematic diagram of the age-specific mortality rates of male *D. melanogaster* which had undergone CR or been fed ad libitum (*top panel*) and at either 27 or 18 °C ambient temperatures (*bottom panel*). Adapted from (Mair et al. [@CR68])

CR has long been associated with a reduction in *T*~*b*~ with a 1--1.5 °C drop as a general rule in rodents (Duffy et al. [@CR25]; Spindler [@CR94]; Walford and Spindler [@CR104]). Further evidence for CR reducing *T*~*b*~ comes from the LSXSS series of 22 recombinant mouse strains plus six classical inbred strains: under CR, strains such as 12956 and C57BL/6 showed a drop of 1--2 °C in *T*~*b*~ whilst others such as BALB/c and A had a *T*~*b*~ drop of 3--5 °C (Rikke and Johnson [@CR86]). Some other rodent studies have failed to observe a fall in *T*~*b*~ in CR but this may be due to the use of a rectal probe to measure *T*~*b*~ which requires some form of restraint resulting in physiological stress to the rodent which thus may prevent a fall in *T*~*b*~ (Lane et al. [@CR54]). \[A more reliable way to measure *T*~*b*~ in rodents by avoiding stress is by using an infrared high performance non-contact thermometer which has been calibrated through implantable micro-chips with temperature transponders (Warn et al. [@CR107])\]. CR in mammals can reduce the metabolic rate and it is believed that it is this reduction which lowers heat production and thus believed to cause a fall in *T*~*b*~. It is thought that this is a mechanism which has evolved to allow animals to cope in times of limited food (Carrillo and Flouris [@CR14]). It should be mentioned, however, that there is some debate concerning the impact of CR on mammalian metabolic rate (Greenberg and Boozer [@CR38]; McCarter and Palmer [@CR72]), and some studies in rodents suggest that CR can extend lifespan without reducing metabolic rate (Masoro [@CR69]).

B6 (lymphoma prone) mice kept at a higher room temperature (30 °C) did not reduce *T*~*b*~ when under CR and this caused a reduction in daily hypothermia and reduced the life-extending effects of CR and in particular its anti-lymphoma action (Koizumi et al. [@CR52]). Likewise, CR is known to reduce cell proliferation and at higher room temperatures this effect weakens. It has therefore been suggested that CR's induction of hypothermia could cause this anti-lymphoma action which promotes longevity. However, in MRL (autoimmune prone) mice the high room temperature (30 °C) had no effect in reducing the CR-mediated delay of autoimmune diseases (Koizumi et al. [@CR52]).

One emerging important consideration is that CR has strain-specific effects. Surprisingly, when looking across 31 strains with varying CR lifespan effects, reduction in *T*~*b*~ was a negative predictor of life-extension. In other words, strains with a greater *T*~*b*~ reduction were more likely to have shorter lifespans under CR and vice versa. This effect depended on the correlation between temperature and body fat responses, since mouse strains with a lower reduction in *T*~*b*~ under CR also had a lower reduction in body fat, suggesting CR life-extending responses are associated with minimal loss of temperature and least reduction in body fat (Liao et al. [@CR59]). These findings also contradict the aforementioned results on Hcrt-UCP2 mice that suggested that a modest reduction in *T*~*b*~ has marked effects on longevity by itself, which is clearly not observed in theses strains. That said, these studies may not be directly comparable since one previous study on the same strains found that differences in *T*~*b*~ were associated with variation in the rate of heat loss, not heat production (Rikke and Johnson [@CR87]). All in all, it does not appear that the longevity effects of CR in mice are *per se* a result of a drop in *T*~*b*~.

Studies are also emerging concerning the effects of CR on rhesus monkeys, suggesting health benefits but more modest (if any) lifespan effects than observed in rodents (Colman et al. [@CR15]; Mattison et al. [@CR71]). In rhesus monkeys placed under CR for 6 years it was shown that a fall in 30 % of calorie intake reduced the *T*~*b*~ by 0.5 °C compared to ad libitum feeding after matching for age. In 2.5 year-old monkeys on a short-term (1 month) CR of 30 %, the *T*~*b*~ drop was 1.0 °C. For short-term CR the energy expenditure had fallen by 24 % over 24 h. The association between a fall in *T*~*b*~ and energy expenditure suggests that CR acts to conserve energy by reducing the *T*~*b*~. In the long-term study, however, temperature was only measured in the mid-morning when it may have been more reliable to record it throughout the day (Lane et al. [@CR54]). Another study in rhesus monkeys also showed that CR caused roughly a 0.7 °C drop in *T*~*b*~ as well as reductions in insulin and higher serum DHEAS (Roth et al. [@CR88]).

A CR study in humans (Soare et al. [@CR91]) used three groups each consisting of 24 individuals; one group on a CR diet for 6 years, another consisting of endurance runners (EX) and the final group of healthy individuals with a sedentary lifestyle (less than 1 h of exercise per week) who ate a western diet (WD). For the CR group, their energy intake was 23 and 37 % lower than the WD and EX groups, respectively. All groups were matched according to age and sex, with the EX group being matched on body fat percentage to the CR group. Each individual then had their *T*~*b*~ measured every minute over a 24-h period using an ingested telemetric capsule. The results showed that *T*~*b*~ was lowest amongst the CR group with a mean 24-h temperature of 36.64 °C ± 0.16 (SD) in comparison to 36.86 °C ± 0.2 for EX and 36.83 °C for WD. It was discovered that the percentage of body fat is also linked to 24-h *T*~*b*~, although body fat is not likely to play a role in *T*~*b*~ reduction as both the EX and CR groups had a similar low percentage of body fat, however the mean 24-h, day-time and night-time *T*~*b*~ of the CR group was roughly 0.2 °C lower than that of the EX group. Therefore, *T*~*b*~ was thought to be controlled primarily through CR (Soare et al. [@CR91]).

CR responses can be thought of as an energy conservation mechanism which, over the long-term in monkeys, humans and rodents, can cause a fall in circulating triiodothyronine levels which regulate body temperature and thus causes the *T*~*b*~ to drop (Soare et al. [@CR91]). Short-term CR also reduces *T*~*b*~ in overweight individuals attempting to lose weight, however in overweight, weight stable individuals this was not shown to be the case. In normal and obese individuals with stable weight, *T*~*b*~ remains the same in both; obese individuals are thought to achieve this via heat dissipation in their more peripheral regions. CR individuals also have lower levels of insulin, leptin and total testosterone which may also contribute to heat reduction (Soare et al. [@CR91]). Another study conducted using human volunteers who underwent CR (25 % CR of the baseline energy requirement) for 6 months exhibited lower levels of fasting serum insulin, a significant fall in both the total 24-h and sleeping energy expenditure, which correlated with a drop in thyroid hormone concentration, as well as a 0.2 °C decrease in *T*~*b*~. Similar results were also shown in their CREX group (12 % CR and 12 % increase in energy expenditure) including a drop of 0.3 °C in *T*~*b*~. Both the CR, CREX and the very low calorie diet group (890 kcal/d) had lower levels of DNA damage suggesting a possible mechanism for promoting longevity, however whether this is maintained long-term has yet to be verified (Heilbronn et al. [@CR42]).

Mechanisms of temperature life-extending effects {#Sec7}
------------------------------------------------

Thermodynamic explanations to ageing have been long proposed, in which ageing is the result of an increase in molecular disorder and a decrease in metabolic stability (Demetrius [@CR23]). The intuitive interpretation for how low body temperature extends longevity is that it affects metabolic rates and this decreases the rate of biochemical reactions and retards whatever process(es) cause(s) ageing. Since metabolic rate increases exponentially with temperature (Gillooly et al. [@CR34]), it is reasonable to postulate that temperature acts exponentially on 1/lifespan and hence that lower temperature acts exponentially to extend lifespan (Fig. [1](#Fig1){ref-type="fig"}), especially over a small temperature range, and indeed this has been shown in some studies in poikilotherms (McDougall and Mills [@CR73]; Munch and Salinas [@CR78]). One study in the housefly (*Musca domestica*) supported this idea by showing that animals at 15 °C lived longer but were much less active than at 23 °C, and that lower physical activity by itself was associated with a longer lifespan (Ragland and Sohal [@CR85]). Inducing mild heat stress can also increase the lifespan in both *D. melanogaster* and *C. elegans* by stimulating pathways associated with genome stability in an effect known as hormesis. A recent study which heat shocked (34 °C for 2 h) younger male *D. melanogaster* three times showed an up-regulation of genes involved in the cellular response to heat 10--51 days after heat shocking, suggesting that the heat shock HSP70 pathway may be involved in fly longevity (Sarup et al. [@CR90]). Although the specific mechanisms for the long lifespan of mice with a lower core *T*~*b*~ remain unknown, an increase in energy efficiency was observed that appears to be related to the reduced metabolic requirements to maintain a lower *T*~*b*~ (Conti et al. [@CR17]). This in turn could impact on various forms of molecular damage, including oxidative stress and DNA damage (Farmer and Sohal [@CR27]; Lindahl and Nyberg [@CR61]).

The fact that CR does not always extend lifespan, and in diverse mouse strains its longevity effect is actually associated with smaller decreases in temperature, suggests that other factors may obscure or reverse expected effects of *T*~*b*~ on ageing. That women have higher temperatures than men and yet live longer, while female C57B1/6 mice have higher temperatures than males and live less, supports this. Similarly, it has long been argued that a drop in *T*~*b*~ reduces the production of ROS which then prolongs lifespan (Conti [@CR16]). A reduction in oxidative damage and enhanced antioxidant systems in ectothermic animals kept at lower temperatures (and thus longer-lived) has been observed, for example in fish (Hsu and Chiu [@CR45]; Wang et al. [@CR106]). More recently, however, the free radical theory of ageing has come under fire due to a plethora of studies with discouraging results, raising questions about the role of ROS in ageing (reviewed in de Magalhaes and Church [@CR20]; Lapointe and Hekimi [@CR55]). Therefore, it appears that the view that a drop in *T*~*b*~ by itself increases lifespan is overly simplistic.

More recent results suggesting that specific mechanisms retard ageing in response to lower temperature challenge thermodynamic explanations. In *C. elegans* it has been discovered that its cold sensing TRP channel TRPA-1 can promote longevity when there is a drop in temperature by inducing a calcium influx into the cell, activating PKC which via SGK-1 activates the DAF-16/FOXO transcription factor (Xiao et al. [@CR110]). *Caenorhabditis elegans* thermosensory neurons can also play a role in the effect temperature has on longevity at warmer temperatures (25 °C). Mutations in thermosensory neurons have been shown to shorten lifespan even further in warmer temperatures by causing a fall in the expression levels of *daf*-*9*. DAF-9 regulates the nuclear hormone receptor DAF-12 and so *daf*-*12* null mutations can inhibit this process (Lee and Kenyon [@CR57]). Overall, these results demonstrate that the temperature effect on *C. elegans* longevity is not a passive process and further challenges the 'rate of living theory' (Xiao et al. [@CR110]). Similarly, in fruit flies, changing back and forth the ambient temperature from hot to cold, animals have a similar longevity of flies kept in cold conditions (Liu and Walford [@CR64]; Rikke and Johnson [@CR86]), which suggest that it is not the exposure time to cold but rather physiological adaptations to it that are important.

It has been proposed that CR reduces *T*~*b*~ which in turn affects the hormonal axis that may have downstream targets that increase lifespan (Mobbs et al. [@CR77]). An endocrine role thus seems plausible. Temperature in ectotherms can act on hormones associated with growth and development to induce heterochrony (McKinney and McNamara [@CR74]). Indeed, there is evidence from various studies suggesting that the GH/IGF system mediates the effects of temperature on the growth and development of fish (reviewed in Gabillard et al. [@CR30]). Interestingly, one study of exercise in young men showed a strong relationship between *T*~*b*~ increase during exercise and GH levels, although this was not dependent on ambient temperature; this suggests that body temperature could in some way be a stimulus for GH secretion (Bridge et al. [@CR8]). Recall, however, that we previously mentioned that GH/insulin is also a possible mechanism for *T*~*b*~ regulation, and thus the causality of these events remains to be fully elucidated.

Another hypothesis is that a lower *T*~*b*~ promotes longevity through utilizing various metabolic pathways which suppress autoimmunity in old age (Rikke and Johnson [@CR86]). A lower *T*~*b*~ also increases resistance to environmental factors, which has been shown in hypothermic rodents to have a greater resistance to irradiation. This is further highlighted in hypothermic rabbits which had a 10× greater resistance to bacterial endotoxins than normal rabbits (Liu and Walford [@CR64]; Rikke and Johnson [@CR86]). A lower developmental temperature in *D. melanogaster* also results in enhanced stress resistance (Kim et al. [@CR51]), at least to some types of stress.

In terms of responses to lower temperature in homeotherms, brown adipose tissue (BAT), which contains large amounts of mitochondria, is used to generate heat in cold environments via uncoupling proteins, in particular UCP1 within the mitochondrial membrane. Mice deficient in UCP1 have been shown to have an increased susceptibility to obesity during ageing when exposed to a high fibre diet and kept at a constant room temperature of 23 °C (Kontani et al. [@CR53]). In humans, the A-3826G polymorphism in the *UCP1* gene promoter region reduces UCP1 expression and could be more susceptible to a higher body mass including greater levels of subcutaneous fat (Sramkova et al. [@CR95]). Another role which has been established for UCP is in the reduction of ROS production when up-regulated and it has been proposed that this is one of the factors which might contribute to the link between lower *T*~*b*~ and longevity (Carrillo and Flouris [@CR14]). In rats exposed to the cold or treated with triiodothyronine, UCP3 was up-regulated in BAT, suggesting that UCP3 has a role in the regulation of *T*~*b*~ and energy expenditure (Larkin et al. [@CR56]). Research using 6 month-old 344 Fischer rats showed a 4-fold increase of UCP1, a 2-fold increase of interscapular BAT mass and a 26-fold increase in cell proliferation after cold exposure, whereas rats at 26 months showed no such increase. This further shows that the response to temperature varies depending on age (Florez-Duquet et al. [@CR29]). Age-related thermogenic impairment possibly contributes to diabetes and obesity in ageing, and recent results from mice suggest it may be mediated by ghrelin signalling (Lin et al. [@CR60]). Moreover, BAT activity and mass decline with age, even if this is much more pronounced in men than in women (Pfannenberg et al. [@CR83]). Lastly, when exposed to cold temperature, mice tend to have lower levels of body fat than mice in surroundings with normal temperature levels, this reduction in body fat by a fall in temperature has been thought to be the reason for a fall in tumour incidences (Carrillo and Flouris [@CR14]), in particular given the known links between obesity and cancer, including in an age-related fashion (de Magalhaes [@CR19]).

Although it is possible that a low temperature decreases accumulation of molecular damage, this appears to be an oversimplistic interpretation, in particular in mammals in which various physiological processes, such as in adipose tissue and neuroendocrine changes, are associated with temperature and ageing. More integrative studies of the relationships between temperature, ageing mechanisms and longevity are warranted.

Species correlations between temperature and longevity {#Sec8}
------------------------------------------------------

In homeotherms undergoing torpor or hibernation, *T*~*b*~ falls and endothermy is temporarily replaced with ectothermy. Hibernation can also increase the survival rate by five times between similar-sized hibernating and non-hibernating mammals (Turbill et al. [@CR98]). Indeed, a study using a super tree (50 % of longevity records from wild population studies where mortality is not controlled) of Chiroptera showed that bats' lifespan correlates strongly with the length of hibernation, body mass and occasional cave use (Wilkinson and South [@CR109]). Another study found that smaller mammals which hibernate tend to have longer maximum lifespans (50 % greater for 50 g of species), lower reproductive rates and longer generation times than similar-sized non-hibernating species (Turbill et al. [@CR98]).

Hibernation protects against predation by reducing the chance of detection via lowering levels of metabolism, having a cold and motionless body and lower emissions of body odours. As such, it is thought that predator avoidance is the main reason behind hibernation in small mammals rather than the conservation of energy, as hibernation can occur during times of the year when sufficient food is available (Turbill et al. [@CR98]). It has been proposed that insulin can cause hypothermia during hibernation, although this remains unproven, but it can act independently of lower *T*~*b*~ as shown in studies using poikilotherms (Andrews [@CR1]). Moreover, hibernation could be used in times of limited food supply and hence have a similar role as CR. In bats, hibernation reduces *T*~*b*~ by 85 % (from 40 to 6 °C) which is then maintained over a course of several weeks at a time. This reduces the metabolic rate to 5 % of the room temperature resting rate which reduces the amount of energy used by the animal; thus it might reduce the oxidative damage caused by internal metabolic pathways and increase lifespan (Wilkinson and South [@CR109]), although as discussed above this simplistic interpretation has been attacked.

Comparisons across species have largely disproved the rate of living theory in homeotherms (de Magalhaes et al. [@CR21]; Speakman [@CR92]). A low *T*~*b*~ is by no means a prerequisite for the evolution of longevity or always associated with it. For example, birds tend to have a higher *T*~*b*~ and live longer than similar-sized mammals; likewise, marsupials have a low *T*~*b*~ when compared to placental mammals and generally have shorter lifespans (de Magalhaes et al. [@CR21]). A large comparative study of temperature, metabolic rate, body size and longevity in mammals revealed a strong positive correlation between *T*~*b*~ and basal metabolic rate (BMR), yet no correlation between BMR and longevity. However, a negative correlation was observed between *T*~*b*~ and time to maturity and a weak, borderline significant negative correlation was also observed between *T*~*b*~ and longevity (de Magalhaes et al. [@CR21]). Although other factors, like ecological constraints (Demetrius and Gundlach [@CR24]), are involved in the evolution of life histories and mammals have a very narrow range of body temperatures, these results suggest that *T*~*b*~ might affect the timing of life history events in ways unrelated to metabolic rate.

### Influence of temperature on the long lifespan of the naked mole-rat {#Sec9}

Capable of living over 30 years (Tacutu et al. [@CR96]), the naked mole-rat (*Heterocephalus glaber*) is the longest-lived rodent and is exceptionally resistant to cancer (Buffenstein [@CR10]). This has led to a growing number of studies in this species (Gorbunova et al. [@CR36]), including large-scale genome sequencing efforts (Keane et al. [@CR48]). Naked mole-rats are also unique among mammals in that they are poikilotherms and have a low metabolic rate and body temperature when compared to other mammals (Buffenstein and Yahav [@CR11]; McNab [@CR75]). Therefore, and given the aforementioned impact of temperature on longevity, one major open question is whether the exceptional longevity of the naked mole-rat could at least partly be due to its comparatively low *T*~*b*~. We attempted to explore this by extrapolating from other studies.

Wild-derived mice, as these are more likely to be representative of the *Mus musculus* species than laboratory strains, have a *T*~*b*~ of 36.9 °C (Tacutu et al. [@CR96]). Because naked mole-rats are incapable of maintaining their body temperature, their average *T*~*b*~ during their lifespan is not known for sure; the AnAge database of ageing and longevity in animals lists 32.1 °C, taken from (White and Seymour [@CR108]), and one study reported a mean *T*~*b*~ of 30.6 °C (McNab [@CR75]). However, pregnant females have a higher *T*~*b*~ by \~1.5 °C (Buffenstein et al. [@CR12]), and yet there is no evidence that queens have a shorter lifespan (Buffenstein [@CR10]). Because a female can become a breeding queen early in life, and can essentially be pregnant most of the time, *T*~*b*~ of breeding females can be estimated based on the *T*~*b*~ increase during the various stages of pregnancy (Buffenstein et al. [@CR12]), and assuming that a female can be pregnant continuously with only a one-week interval between pregnancies, since gestation in naked mole-rats is \~10 weeks with as little as 1 week post-partum estrus (Buffenstein et al. [@CR12]). Mean estimated *T*~*b*~ is thus (1 week × 30 °C + 3 × 33.4 + 4 × 34.6 + 3 × 34. 8)/11 = 34.2 °C. As this assumes continuous pregnancies throughout adult lifespan, 34.2 °C marks an upper limit for *T*~*b*~, with the lower value of 32.1 °C a realistic range of mean *T*~*b*~ values; the data from White and Seymour ([@CR108]) is also based on multiple studies and thus preferred to McNab ([@CR75]).

Given that the results from various animals show that a lower *T*~*b*~ increases longevity, it seems plausible that the low *T*~*b*~ of naked mole-rats contributes to their longevity. Although non-contentious and clearly important, this issue has not been addressed before. Therefore, we attempted to estimate quantitatively the effect of *T*~*b*~ on the longevity of the naked mole-rat based on studies conducted on other organisms. Specifically, we employed those organisms on Table [1](#Tab1){ref-type="table"}, with the exception of transgenic mice given that the magnitude of changes observed are inconsistent with the abovementioned results from other mouse strains and with the thermal sensitivity of longevity from species comparisons (Table [2](#Tab2){ref-type="table"}).Table 2Longevity and body temperature of mole-rats and selected related speciesSpeciesFamily*t* ~*max*~ (years)Body weight (g)*T* ~*b*~ (°C)Mole-rats *Cryptomys anselli*Bathyergidae20.690 *Cryptomys damarensis*Bathyergidae15.518035.2 *Cryptomys hottentotus*Bathyergidae11^a^132.534.4 *Cryptomys mechowi*Bathyergidae16^a^25034 *Georychus capensis*Bathyergidae11.2^a^18136.4 *Heliophobius argenteocinereus*Bathyergidae16035.1 *Heterocephalus glaber*Bathyergidae313532.1 *Nannospalax ehrenbergi*Muridae20.216035.5Other rodents *Cavia porcellus*Caviidae1272839 *Mus musculus*Muridae420.536.9 *Rattus norvegicus*Muridae3.830037.1 *Sciurus carolinensis*Sciuridae23.653338.7Average for rodents^b^9.2117536.8^a^Species with questionable longevity records that may be significantly underestimated^b^Only rodents for which data on body temperature (*T* ~*b*~) and maximum lifespan (*t* ~*max*~) is available in the AnAge database (Tacutu et al. [@CR96]) were included

To extrapolate *T*~*b*~ effects on longevity from studies in various species, a linear regression of ln-transformed lifespan against temperature produced a slope from which the longevity of mice with the *T*~*b*~ of naked mole-rats was predicted. The use of semi-log plots of lifespan against temperature is based on the aforementioned assumption that temperature acts exponentially on 1/lifespan, in line with previous studies (McDougall and Mills [@CR73]; Munch and Salinas [@CR78]). Given the effects of temperature on the longevity of various species, the longevity of mice at the *T*~*b*~ of naked mole-rats (32.1--34.2 °C) can be estimated as 4.5--7.3 years. The lowest predicted effect of temperature on longevity is the result from *Nothobranchiusfurzeri* (Table [1](#Tab1){ref-type="table"}), for which we feel further studies are necessary given the aforementioned concerns regarding the survival curve at the lower temperature. Excluding *Nothobranchiusfurzeri*, and averaging the other species, we estimate that hypothetically mice with the body temperature of the naked mole-rat may live 30--65 % longer or 5.3--6.6 years. It is also tempting to hypothesize that, assuming these calculations can be extrapolated to them, naked mole-rats with a *T*~*b*~ of 37 °C might not live more than 20--25 years. Our approach, of course, assumes that intra-species effects can be extrapolated across species and is thus only a first approximation of the contribution of *T*~*b*~ to the longevity of naked mole-rats.

Our view is that body temperature likely explains a small part of the exceptional longevity of the naked mole-rat. We also think that consideration should be given to body temperature in comparative studies of ageing. Mole-rats in general have a low *T*~*b*~ in species comparisons (Table [2](#Tab2){ref-type="table"}), possibly because they live in stable, protected environments, and it is tempting to speculate that this has contributed to the evolution of longevity in mole-rats of different taxa. Not surprisingly, the naked mole-rat has the longest lifespan and the lowest *T*~*b*~ of studied mole-rats (Table [2](#Tab2){ref-type="table"}). In this context, other small, long-lived rodents like the Eastern gray squirrel (*Sciurus carolinensis*), which can live up to 23.6 years and actually has a higher *T*~*b*~ (38.7 °C) than the rodent average (Table [2](#Tab2){ref-type="table"}), may be equally informative to biogerontology. On the other hand, the bowhead whale (*Balaena mysticetus*) is the longest-lived mammal (estimated maximum lifespan of 211 years), which has led to its genome being recently sequenced (Keane et al. [@CR49]). Its average *T*~*b*~ has been estimated to be 33.8 °C (SD = 0.83, N = 28) which is lower than other non-hibernating eutherian mammals, and its metabolic resting rate also appears to be lower than that of other cetaceans (George [@CR33]). While additional studies are warranted, a relatively low *T*~*b*~ might have contributed, even if to a small degree, to the bowhead's exceptional longevity. We hope these considerations, although speculative, will stimulate further work on the important topic of temperature effects on species longevity.

Concluding remarks {#Sec10}
==================

It is clear that temperature affects longevity from invertebrates to mammals both within species and possibly across species. This was initially thought to be due to thermodynamic effects and the direct effects of low metabolism (e.g., reduced oxidative and/or DNA damage), but now a picture is emerging that, as often happens in biology, the mechanisms are not as simple as once thought. The interplay of processes involved suggests a role of neuroendocrine mechanisms in responses to low temperature that in turn impact on ageing and longevity.
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